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1. Introduction

The study is based on the premise that Coherent Anti-Stokes Raman scattering (CARS)
imaging provides a cellular resolution, label-free method to evaluate the effect of blast
injury on the retina and could provide a diagnostic tool for clinical use. We have
proposed to develop and test a novel imaging approach, based on successful CARS
imaging techniques currently in place in our lab. We have developed the blast injury
model proposed in the original research plan and used a transgenic mouse model with
fluorescently-labeled neurons to examine neuronal-specific effects of our blast injury
under fluorescence microscopy (not label-free). We have calibrated our label-free CARS
imaging system to the needs of this project and applied it to blast-injured sample.

2. Keywords
Coherent anti-Stokes Raman scattering, CARS, label-free, imaging, microscopy, blast-
injury, retina, neuron

3. Accomplishments

=  What were the major goals of the project?
= Create Post Blast Injury (PBI) animal model
= Calibrate label-free probe for O2 measurement
= Detect and map hypoxic regions in injured eyes
= Measure TRPM7 and cellular/apoptosis biomarkers in retinas
= Measure neuronal death and cell-specific biomarker in retinas

=  What was accomplished under these goals?

= A pressure device and a holding platform were developed for creating
PBI-induced eye injury mouse model, optimized the procedures
suitable for our IACUC animal protocol with the HMRI veterinary staff.
A pressure sensor, transductor, and amplifier were added onto this
blast ocular injury system to calibrate the blast pressure (Figure 1). A
Thy1-YFP transgenic mouse model into this study in order to easily
examine the retinal neuronal injury to optimize the blast-relevant
parameter for producing ocular injury model (Figure 2). After inducing
the injury on mouse retina using our custom-developed PBI induce
system, we checked the injury on eyeball following PBI-treatment via
stereomicroscopy with Ful-Glo fluorescence dye.
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Figure 1. PBIl-device build up and optimization. (1A-F) The component of our PBI-
devices, output pressure detection sensor, amplifier, and input pressure panel. (1G)
Correlation between input-output pressures. (1H) Measurement of the pressure
change at different distance from the barrel.

25 T

20 -;/.\'/\
[

15 +

10 +

1 5 10 15 20 Bright field Ful-Glo
Ball shooting per second

28 -
26 -
24 -
22
20 -
18 A
16
14 4
12 4
10

Con

Out pressure (psi) a Output pressure (psi) a

BTP
20.5psi
8.5ms

5 6 7 8 9 10 11
Blast time duration (ms)

Figure 2. Optimization of output pressure by changing the setting of blast generator.
(2A-B) Correlation between output pressure and blast time duration. (2C) After PBI-
treatment, the eyes of dead animal were labeled by Ful-Glo fluorescence, observed
under the close-global injury and morphology of eyeball with a stereomicroscope



with blue light. (2D-G) In the control and all three blasted groups, the overall globe
and the cornea are intact while the dye appears smooth across the entire surface of
the eye with treatment. Blast pressure at these levels did not cause open-globe
injury.

Fresh hemoglobin solution (18mg/ml) was prepared by dissolving in
PBS (0.1M, pH 7.2). The hemoglobin solution was filtered and
aliquoted to three tubes, which were perfused with Oy, air, or CO,
for 5 minutes. The oxidized hemoglobin (oxiHg) levels were
examined with our label-free CARS imaging system. A ten
microliter sample was transferred to a hemometer, covered with a
glass coverslip, focused under 60 x10 magnitude, and detected
with CARS system. We repeated the experiment 4 times. CARS
signal was detected for each sample within 10 minutes following
perfusion. As shown in Figures 3 and 4, CARS signal is exactly
correlated with the oxygen level in the perfused Hg solution
(R2=0.998). This reinforces our hypothesis that the label-free
CARS imaging system is powerful to examine oxidized Hg level
with high fidelity.

Figure 3. Calibration of CARS imaging system with hemoglobin solution.
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Figure 4. Test the efficacy of CARS in detection of oxidized hemoglobin in vitro.

Table 1. The value of CARS and oxygen level (n=2-4)

Cco2 Air 02
CARS 479 1723 6264
Oxygen level 5 21 95
n 3 2 4

A fiber-based hand-held probe was designed (Figure 5),
assembled, fabricated, and calibrated for easy application (Figure
6). The probe used a customized MEMS scanning mirror and
miniature optical and mechanical components as originally
proposed. Figure 3 shows the design of the probe, and Figure 4
shows the components and assembled design of the fiber-based
CARS microendoscope probe. The CARS excitation laser emerging
from the fiber is coupled into the collimator system with suitable
numerical aperture match. The collimated light is scanned by the
MEMS mirror and then projected to the micro-objective subsystem
which is aimed to achieve a large NA (numerical aperture) and high
light coupling efficiency. The micro-objective subsystem contains
an achromatic wide angle keplerian telescope beam expander and
light focusing subsystem. The achromatic wide angle keplerian
telescope beam expander is used to amplify the entrance light to fill
the back aperture in order to insure maximum NA. The field of view
(FOV) of the collimator system is the same as the MEMS mirror
effective reflecting area.
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Figure 5. Design of the hand-hold fiber-based CARS probe

Figure 6. components and assembled design of the fiber-based CARS
microendoscope probe (a) PM1300 fiber part of the CARS microendoscope
probe; (b) Lens and collimator part of CARS microendoscope probe; (c)
Assembled collimator part of CARS microendoscope probe; (d), (e), and (f)
Assembled view of the fiber-based CARS microendoscope probe.

The all-fiber-based CARS microendoscope system has been
characterized with the basic system parameters listed in Table 2.
The exit pupil diameter of the collimator system is designed to
match the diameter of the MEMS mirror and the entrance pupil
diameter of the micro-endoscope system. For the micro-endoscope
part, the numerical aperture is 0.73, FOV is160 um x 160 pum,
working distance is 0.37 mm, and designed spatial resolution is 1
micron. The total length of our CARS micro-endoscope is 40.5 mm
and the achromatic wavelengths are 450nm, 663nm, 817nm, and
1064nm. To enhance the signal collection efficiency, the micro-
endoscope system is designed with achromatic wide angle
keplerian telescope beam expander system delivering the
collimated light to maximum cover the back aperture of light
focusing system in order to increase the NA of the micro-
endoscope. Wave front quality of the fiber collimator was evaluated
at 785 nm using an Optocraft wave front sensor. The airspace
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between the fiber and optics was adjusted to achieve wave front
quality smaller than 0.05 A RMS (root mean square) at 785 nm,
which is within the design tolerance 0.5 A at 785 nm. Lights of
different wavelengths (575nm, 660nm, and 850nm) were used to
test the resolution as shown in the figure 7. The USAF resolution
target was placed at the focus position of the microendoscope
barrel, the 20 mm objective lens and image receiver (Samsung
phone) were used to acquire a high resolution targeted image. The
smallest element, 3 in the 9th group, was resolved by the
microendscope. It has a line spacing of 645 line pairs/mm,
corresponding to a line width of approximately 0.78 um. There is no
distortion in the shape of the individual lines in the image except for
a conical defocus deformation in the 660nm resolution image in
which the transmission resolution image is not at the center of the
objective.

Table 2. Basic system parameters of CARS microendoscope probe

Basic System Descriptions Parameters
Exc_:ltatlon Wavelength range for 817nm(pump), 1064nm(stokes)
delivery
. 663nm(CARS)
tS_|gnal wavelength to be collected from 500nm(TPEF)
issue
400nm(SHG)

Agree with the dimension of MEMS

Input aperture (diameter of exit pupil) scanning mirror 1.12mm

Distance from the MEMS mirror to

. 4mm
objective lens
NA(after immersion in water) 0.75
Actual resolution 0.78 micron or smaller
Field of view 160umx160um

L

Figure 7. Resoltion measurement of microendoscope probe at (b) 575nm, (c) 660nm,
and (d) 850nm respectively.

The whole retina was isolated for protein analysis and pathological
assays, and three different triple whole-mount staining was introduced
to examine the morphology of neurite, cell body, and blood vessel
network to determine the vulnerable retinal regions for future
biochemical and pathological analysis.

Using CARS imaging technology, we detected the hypoxic map on
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whole mount retinal tissue from acutely ocular injured mice. Wild type
C57B6/J mice (n= 3) were anesthetized following our protocol, and
mounted in PBI eye injury device. The right eye was exposed to blast
(21psi, 8.5 ms duration) generated from a paintball gun (Mini GS,
Empire Inc), while the left eye was used as control. Mice were
sacrificed and whole mount retinas were freshly isolated following our
protocol. Fresh retinal tissues were incubated in D-Hanks solution in a
mini chamber on glass slides for label free CARS imaging system
(pump wavelength, 817nm, stoke wavelength, 1064nm), the de-
oxidized hemoglobin (deoxy-Hb) provides high intensity in CARS
images, as shown in (Figure 8).
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Figure 8. Detection of hypoxic map in the whole mount retinas. Left: Home-
developed femtosecond (fs) CARS imaging system used in this study. Right:
Hypoxic map in the whole mount retinas. The bright pixels indicate the de-oxidized

Using fresh retinal tissues, we compared the total protein levels of
TRPMY7 in the control and lesion group via western blot. Part of retinal
tissues were dissected and snapped frozen on dry ice, and thawed in
1x RIPA lysis buffer with protease inhibitor cocktail (1x, Roche Inc).
Tissues were then briefly sonicated and spun to harvest protein. 60ug
samples were loaded on 4-20% SDS PAGE gel, followed by regular
western blot protocol. NC membrane with protein translots was
incubated in primary antibodies (anti-TRPM7, 1:2000, ProSci Inc; or
anti-beta actin, 1: 3000, Cell Signaling Lab) overnight at 4 degree,
then followed by incubation with HRP-conjugated secondary
antibodies (1: 8000, Thermo Scientific ). Enhanced ECL was used to
generate luminescence signal and Image J software was used to
detect signal intensity. After normalization with internal standard, a
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1.25-fold increase was shown in the protein levels of TRPM7 in the
lesion side retinas (Figure 9). In the future, we will use
immunofluorescence imaging to detect the distribution of TRPM7 in
different retinal zones to overlap our CARS imaging results and other

apoptosis markers.
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Figure 9. PBI induces a mild increase in TRMP7 protein in the lesion side retinas.

YFP mice were used to generate PBI ocular injury. Whole mount
retinas were isolated to detect neuronal injury and cell-specific
biomarker via morphological analysis. GFP-labeled neuron numbers
and neurite morphology (intersection in 2 different zones-10um or 45
um distant to the soma) were examined. We did not find significant
change in neuron numbers in lesion side retinas. However, the distant
neurite number was decreased in the lesion side (Figure 10).
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Figure 10. Measure neuronal death and cell-specific biomarker in retinas. (A) Whole
mount retinal was dissected. Neurites near and distant to the soma were examined
by counting the intersection number at 10um and 45 um distance (B) control, and
(C) lesion side.
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What opportunities for training and professional development has the
project provided?
= One PhD student, Weng Sheng and three Postdocs, Jared Gilliam,
Xiaoyun Xu, and Jiasong Li, were supported by this funding to conduct
their research.
How were the results disseminated to communities of interest?
= Nothing to Report.

What do you plan to do during the next reporting period to accomplish
the goals?
= Nothing to Report.

What was the impact on the development of the principal discipline(s)
of the project?

i. We have created PBI animal model as proposed.

i. We have developed, fabricated, and calibrated the hand-hold, fiber-
based CARS microendoscopy probe to measure the oxy-hemoglobin
content as proposed.

iii. We have detected, and map the hypoxic regions in injured PBI retinas
using CARS imaging system as proposed, adopted probe into this
measurement is currently in process.

iv. We have measured TPRM7 biomarker in mapped hypoxic eye regions
as proposed.

v. We have analyzed and evaluated TPRM?7 activity in both normal and
injured retina as proposed, more analyzing is currently in process.

What was the impact on other disciplines?
i. Our label-free, superior resolution, and real-time CARS imaging
system can improve the diagnosis in both speed and accuracy.
What was the impact on technology transfer?

1. Our label-free, superior resolution, and real-time CARS imaging
system can be used for many other clinical or biology
applications. Since it targets specific chemical-bonds, it can
image all biological material contains such chemical-bond. The
cellular-level resolution image is comparable with labeled
imaging technologies, such as fluorescence imaging, confocal
imaging, two-photon image, etc. CARS imaging has high
potential to be applied in live animals, even in clinical usage
since no label agents is required.

2. Our miniaturized imaging platform (CARS endoscope) can
potentially be integrated into the arms of a surgical robot such
as da Vinci robotic surgery system due to the minimal cross
sectional area of imaging probe, and will reduce the number of
unnecessary biopsies and the risk of nerve impairment during



the surgical procedures by providing surgeons and urologists a
precise picture of prostatic and peri-prostatic tissues.

3. The miniaturized imaging platform has a great potential to be
integrated into the arms of surgical robots and revolutionize the
ways of prostate surgeries being operated nowadays.

d. What was the impact on society beyond science and technology?
i. Nothing to Report.

5. Changes/Problems
The Project Director/Principal Investigator (PD/PI) is reminded that the recipient
organization is required to obtain prior written approval from the awarding agency Grants
Officer whenever there are significant changes in the project or its direction. If not
previously reported in writing, provide the following additional information or state, "Nothing
to Report," if applicable:

= Changes in approach and reasons for change

= Nothing to report

= Actual or anticipated problems or delays and actions or plans to resolve them
= The laser diode was replaced, and re-alignment of the laser, followed by the
alignment of the whole imaging system was performed after the diode
replacement. It took the laser manufacture more than 10 months to fabricate,
deliver, install, align, and test the laser, and another one month for us to put
the CARS imaging system to perfect working order.

= Changes that had a significant impact on expenditures
= Nothing to report.

= Significant changes in use or care of human subjects, vertebrate animals,
biohazards, and/or select agents
= Nothing to report.

6. Products
= Publications, conference papers, and presentations
A manuscript outlining our research accomplishments is currently under
preparation.

=  Website(s) or other Internet site(s)
Nothing to report.

= Technologies or techniques
Nothing to report.

= Inventions, patent applications, and/or licenses
Nothing to Report.

» Other Products
14



Nothing to report.
7. Participants & Other Collaborating Organizations

=  What individuals have worked on the project?
= Provide the following information for: (1) PDs/Pls; and (2) each person who
has worked at least one person month per year on the project during the
reporting period, regardless of the source of compensation (a person month
equals approximately 160 hours of effort). If information is unchanged from a
previous submission, provide the name only and indicate "no change."

Name: Sheng Weng

Project Role: PhD Graduate Student

Researcher Identifig

(e.g. ORCID ID):

Nearest person

month worked: 6

Contribution to Dr. Weng has performed work in the area of biophotonics
Project: experimentations

Funding Support: || Mr. Weng’s salary was supported by Rice University.

Name: Jared Gilliam

Project Role: Postdoc

Researcher Identifier (e.g.
ORCID ID):

Nearest person month worke(| 6 months 9/30/14-9/29/15
Dr. Gilliam has performed work in the design and

Contribution to Project: experimentation.
Funding Support: N/A

Name: Dongbing Gao
Project Role: Technician

Researcher Identifier (e.g. ORC
ID):

Nearest person month worked: || 6 months per funding year

Contribution to Project: Mr. Gao performed basic laboratory research tasks é
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needed.

Funding Support: N/A
Name: Xiaoyun Xu
Project Role: Postdoc

Researcher Identifier (e.g.
ORCID ID):

Nearest person month
worked:

12 months — 9 months from Apr16-Apr17 and 3 months
from Apr17-Sep17.

Contribution to Project:

Dr. Xu has performed work in the validation
experimentations

Funding Support: N/A
Name: Jiasong Li
Project Role: Postdoc

Researcher Identifier (e.g.
ORCID ID):

Nearest person month
worked:

8 months — Apr16-Sep17

Contribution to Project:

Dr. Xu has performed work in the validation experimentatiq
and intepretation of results

Funding Support:

N/A

Name: Stephen Wong
Project Role: PI

Researcher Identifier (e.g.

ORCID ID): 143285

Nearest person month
worked:

1 month per funding year

Contribution to Project:

Dr. Wong led the design and execution of the project,
supervision postdocs and staff.

Funding Support:

N/A
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= Has there been a change in the active other support of the PD/PI(s) or
senior/key personnel since the last reporting period?
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= Nothing to report
What other organizations were involved as partners?
= Nothing to report





